Abstract. Movement patterns of female feral camels were studied over four years (February 1993 to December 1996 in central and northern Australia using satellite telemetry. Areas used over 12-month periods (calculated using the fixed kernel method) were large (449-4933 km 2 ) and increased with increasing aridity as measured by long-term mean annual rainfall. No consistent pattern of variation was detected in movement rates of camels across seasons. Data collected over several years are needed to classify movements in feral camels. The only telemetered camel that has been monitored for longer than two years (this study) appeared to move within a large home range over the concluding 3.5 years that it was tracked. Because the areas used are large, extensive buffer zones will be needed in arid regions to protect environmentally sensitive areas from the impacts of feral camels.
Introduction
The natural distribution of the one-humped camel or dromedary (Camelus dromedarius L.) is north Africa and western and central Asia (Wilson 1984) . Between the years 1840 and 1907 up to 20000 camels were imported into Australia to serve in exploration ventures and the cartage industry (McKnight 1969) , and camels played an important role in the early development of the arid interior of the continent (McKnight 1969; Short et al. 1988) . However, during the 1920s trucks came into general use and reliance on the camel rapidly declined (McKnight 1969) . Despite efforts to destroy unwanted camels during the 1920s, feral populations established in many inland areas (McKnight 1969) , and feral camels now occupy an estimated 2.8 million km 2 , or over 37% of the Australian mainland (Short et al. 1988) . Within the Northern Territory feral camels occur over approximately 550000 km 2 , or around 40% of the land area (Wurst and Saalfeld 1994) . Distribution is confined to two main regions: the eastern desert area, comprising principally the Simpson Desert (Simpson and Strzelecki Dunefields bioregion) and fringing pastoral properties, and the western desert area, comprising the Central Ranges, Great Sandy Desert and Tanami bioregions (Fig. 1) . Minimal pastoral activity occurs in the areas predominantly used by feral camels. Aerial surveys conducted during 1980-83 indicated that a minimum population of approximately 11 600 feral camels inhabited the southern two-thirds of the Northern Territory (Short et al. 1988) . In 1993 a similar survey indicated that within the southern third of the Northern Territory there were about 47000 feral camels (Wurst and Saalfeld 1994) , which extrapolates to an estimate of 60000 animals in the Northern Territory. On the basis of an intrinsic rate of increase of 0.16 (calculated from the above-mentioned aerial survey data), the current population in the Northern Territory may be as high as 175000 animals. As populations continue to increase, so too does the frequency of incursions by feral camels onto pastoral lands and national parks (R. Bryan, Parks and Wildlife Commission of the Northern Territory, personal communication).
Feral camels live in small non-territorial groups (Dorges and Heucke 1995a) . Group sizes vary depending on the structure of the group and seasonal conditions. Typically, the smallest groups comprise bulls (mean = 5, s.d. = 3) and the largest groups comprise cows with a single bull (mean = 14, s.d. = 7) (Dorges and Heucke 1995b) . However, near water in dry summers, small groups may coalesce to form large herds of hundreds of individuals (Dorges and Heucke 1995a) . In Australia there is distinct seasonality in the reproductive cycle of feral camels (Dorges and Heucke 1995b) . The main breeding season is winter, at which time most males are in rut and most mating occurs. Pregnancy lasts approximately 380 days and most young are born between June and November. Feral camels are selective browsers of a wide variety of herbaceous plants, shrubs and trees (Dorges and Heucke 1995b) . Adult feral camels weigh up to 1000 kg, making them the largest feral herbivore in Australia (Dorges and Heucke 1995a) .
Generally, the environmental impacts of feral camels are poorly understood. Feral camels selectively eat rare plant species, including Swainsona cyclocarpa (Dorges and Heucke 1995b) and quandong (Santalum acuminatum: P. Latz, Parks and Wildlife Commission of the Northern Territory, personal communication). They are known to frequent salt lakes (Dorges and Heucke 1995b) and their impact in these fragile areas, in particular, is a cause for concern because some rare plants, including Swainsona microcalyx occur there (Dorges and Heucke 1995b) . Feral camels are also known to damage stock fences and infrastructure at cattle-watering points (Short et al. 1988) . All of these factors are prompting the need for a better understanding of the environmental impacts of feral camels and the concomitant development of effective management techniques for the species.
The first rigorous attempt to examine the movements of feral camels in Australia was by Grigg et al. (1995) . They used satellite telemetry to track two female camels for 10 and 15 months during 1986/87 in the Great Sandy Desert bioregion of the Northern Territory. The objective of our study was to expand on this earlier work by tracking more camels and in other parts of the Northern Territory. We also wished to determine whether feral camels remain in well defined areas or are nomadic or migratory, as Grigg et al. (1995) suggested. Such information is needed to clarify the ecology of camels in Australia and assist in the design of future management programs for the species.
Methods

Study area
The study area covered most of the feral camel's range within the Northern Territory and incorporated four distinct bioregions described in detail by Thackway and Cresswell (1995) (Fig. 1): (1) Simpson and Strzelecki Dunefields. The Simpson and Strzelecki Dunefields bioregion is characterised by arid dunes with areas of bare saltpan (Thackway and Cresswell 1995) . The dominant vegetation is spinifex hummock grassland (primarily Triodia basedowii) and scattered acacia woodland (Acacia georginae, A. aneura) with coolibah (Eucalyptus microtheca) (Connors et al. 1996) . Cane grass (Zygochloa paradoxa) grows along the dune crests and samphire (Halosarcia sp.) fringes bare salt lakes (Connors et al. 1996) . The climate is arid (Thackway and Cresswell 1995) (Connors et al. 1996) . The climate is arid (Thackway and Cresswell 1995) (Thackway and Cresswell 1995) . Palaeodrainage systems occur throughout the region and these are associated with extensive salt lakes (Thackway and Cresswell 1995) . The dominant vegetation is open spinifex hummock grassland (primarily Triodia pungens, T. basedowii and Plectrachne schinzii) and scattered woodlands of eucalypt (E. gongylocarpa), desert oak, and acacias (primarily A. aneura) with samphire fringing bare salt lakes (Connors et al. 1996) . The climate is arid tropical (Thackway and Cresswell 1995) Throughout the study monthly rainfall data were collected from Birdsville, Uluru-Kata Tjuta National Park, Newhaven station and Bullita ( Fig. 1 ).
Movement patterns
Movement patterns (size of the area used and movement rates) of adult female feral camels were studied across the Northern Territory using satellite telemetry from February 1993 to December 1996. For this purpose, feral camels were mustered to flat open habitat or herded into portable cattle yards using a helicopter. Camels were captured by roping from 4-wheel-drive vehicles in open situations or from the ground in yards. Captured animals were processed to determine sex and pregnancy status, fitted with telemetry collars (model T2038, Toyocom, Japan), and released. Each collar incorporated a continuously operating VHF transmitter and a UHF transmitter for satellite uplink. The mass of each collar was 1.5 kg, which represented less than 1% of the mean body mass of adult camels. Transmitters had an expected operational life of 30 months. Adult female camels were collared to avoid transmitter damage caused by male fighting during the mating season. To conserve power, UHF transmitters were programmed to transmit every third day from 0600 hours for 30 h. UHF signals were received by an Argos Data Collection and Location System (Service Argos, Inc., Landover, USA) aboard an orbiting NOAA weather satellite (see Harris et al. 1990 and Grigg et al. 1995 for details) . Satellite signals were converted to latitude and longitude and assigned a reliability score based on the quality of the message received.
Data analyses
Movement patterns were examined using locations that were accurate to within 1 km (i.e. data with locational quality indices of 1, 2 or 3: Harris et al. 1990) . The size of the area used by feral camels was assessed using the non-parametric fixed kernel method (Worton 1995) with Home Ranger (v. 1.5: Hovey 1999). Successive locations over short times tend to be autocorrelated (Swihart and Slade 1985) and this can lead to large errors with some area estimators, especially when sample sizes are small (Anderson 1982) . To minimise the effects of this problem, estimates of the size of the area used were based on locations taken at least 10 h apart. Where possible we standardised estimates of the size of the area used by feral camels over 12-month periods commencing at time of capture/release because movement patterns in feral camels are seasonal, being largely influenced by social factors, particularly reproductive behaviour (Dorges and Heucke 1995b) . Three 12-monthly areas of use were calculated for one camel (Camel 6, see Results) that was tracked for 42 months. Where locational data spanning 12 months were not available for a particular camel, parameters describing the area used were based on the data available. Areas were calculated using a 70 × 70 grid and taken as the smallest region encompassing 95% of the relevant radio-locations for each animal (Samuel et al. 1985) . Home Ranger uses least-squares crossvalidation to select the optimal value of the smoothing parameter or bandwidth (h) in calculating the utilisation distribution. Worton (1995) found that post hoc adjustments to h were needed to obtain unbiased estimates of the 'true' area size (based on the 1.0 h estimate which is the best estimate of the 'true' area) and advocated using Monte Carlo procedures to select an appropriate value for the adjustment. We used Home Ranger's bootstrap routine to perform this task for each data set using 100 randomisations.
We examined the relationship between (a) the size of the area used by feral camels and aridity and (b) the movement rates of feral camels and aridity, using Pearson and Spearman correlation analyses. Movement rates were based on the time and distance between successive locations taken at least 24 h apart to minimise inaccuracies due to errors in the locational fixes. The long-term mean annual rainfall for the bioregions was used as the index of aridity. Means were used for Camel 6. Data were log-transformed prior to analysis because the transformation improved the fit of Pearson correlations. We also compared the movement rates of individual camels tracked for longer than 12 months across seasons using 1-way ANOVA. Movement rates were log-transformed prior to analysis because variances increased with the means (Underwood 1997) . The Bonferroni multiple-range test was used to discriminate between means where analysis of variance indicated that the means were significantly different.
We attempted to classify the movements of feral camels as being either migratory, nomadic or local movements within a home range. If animals return to a particular area to breed but move away in the nonbreeding season, the movement is migratory (Caughley 1977) . Nomadic animals tend to be located farther and farther away from the place where they were first seen as time progresses (Caughley 1977) . The distance between where an animal was first seen rises but eventually holds constant with time where movements are restricted to a home range (Caughley 1977) or where directional dispersal to an ensuing home range is involved. In order to classify movements we first calculated the arithmetic mean centre of locations for each camel each month. We calculated the distance of each mean monthly location from the capture/release point and plotted this distance against months elapsed since capture/release. We examined plots for evidence of (a) cyclical behaviour in distance moved, which is characteristic of migratory behaviour, (b) continual increase in distance from capture/ release point through time, and (c) leveling off along the horizontal, which is characteristic of movements that are restricted to a home range Fig. 1 . Map showing bioregions in which the study was undertaken (italics), major towns and landmarks, and the general areas used by feral camels. Numbers refer to the home ranges of each camel, which are numbered as in Table 1 . Inset is a map of Australia showing the Northern Territory (shaded). and/or directional dispersal to an ensuing home range. Simple regression lines were fitted to data showing leveling off along the horizontal to confirm or deny the existence of an asymptote (i.e. a nonsignificant regression or significant regression with negative slope would signify the existence of an asymptote). Statistical analyses were conducted with Systat version 8.03 (SPSS Inc., USA).
Results
The six adult female camels that were radio-collared (Table 1) were members of herds that contained 6-15 animals. Camels were tracked for periods of 6-42 months (see below). The areas used by all six feral camels are shown in Fig. 1 . Parameters describing the size of the areas used by the feral camels and their movement rates are given in Table 1 . The movements of the camels are briefly described below: Camel 1. Tracked for 12 months from 28 November 1995 to 1 December 1996. Two distinct activity centres (high density of locations) were evident, the second situated approximately 30 km north of the first (Fig. 1) . The camel moved randomly within the southern activity centre until the end of June 1996, then moved to the northern activity centre where she remained until the end of October 1996. She returned to the southern activity centre in November 1996 and remained there. The 95% kernel area used over 12 months was 449 km 2 and the mean movement rate was 1.5 km day -1 (Table 1) . Cyclical behaviour was evident in the plot of distance from capture/release point against months elapsed since capture/release.
Camel 2. Tracked for 16 months from 11 March 1993 to 7 July 1994. Two distinct activity centres were evident, the second situated approximately 75 km west of the first (Fig.  1) . The camel moved randomly within the eastern centre of activity until the end of November 1993, then moved to the western activity centre where she remained. The 95% kernel area used over 12 months was 1753 km 2 and the mean movement rate was 1.9 km day -1 (Table 1 ). The plot of distance from capture/release point against months elapsed since capture/release showed no evidence of leveling off.
Camel 3. Tracked for 14 months from 4 February 1993 to 1 April 1994. Locations for Camel 3 formed a crude ellipse with two major activity centres situated approximately 70 km apart, the second being due west of the first (Figs 1, 2) . The camel started in the east and traveled in an anticlockwise direction, arriving at the western activity centre in May 1993. She returned to the east in October 1993, where she remained. The 95% kernel area used over 12 months was 2136 km 2 and the mean movement rate was 3.1 km day -1 (Table 1 ). The plot of distance from capture/release point against months elapsed since capture/release leveled off and declined.
Camel 4. Tracked for 6 months from 8 August 1994 to 2 February 1995. Locations for Camel 4 formed a crescentshaped distribution (Fig. 1) . The camel started at the midpoint of the crescent, moved east to the northern cusp (November 1994) and back, then east to the southern cusp (December 1994) and back. The 95% kernel area used over just 6 months was 3380 km 2 and the mean movement rate was 4.4 km day -1 (Table 1) . Cyclical behaviour was evident in the plot of distance from capture/release point against months elapsed since capture/release.
Camel 5. Tracked for 10 months from 4 April 1993 to 26 January 1994. Camel 5 showed punctuated movement in a south-east direction (Fig. 1) . She stayed within 30 km of her capture/release point until the end of May 1993, and then moved to an area centred 60 km to the south-east where she remained until the end of November 1993. While at this location she made two brief forays to the south-east. In December 1993 she moved to a new location about 150 km to the south-east of her capture/release point. In January 1994 she moved to a new location about 240 km to the south of her capture/release point, where she remained. The 95% kernel area used over 10 months was 4933 km 2 and the mean movement rate was 3.4 km day -1 (Table 1 ). The plot of distance from capture/release point against months elapsed since capture/release showed no evidence of leveling off.
Camel 6. Tracked for a period spanning 42 months, initially from 17 April 1993 to 14 June 1994 and later from 24 November 1994 to 30 November 1996 after being recollared. Camel 6 stayed within 30 km of her original capture/release location for about one month then moved approximately 170 km to the north-west over 16 days (Figs 1, 3) . She remained in this general area for 3.5 years, but shifted the arithmetic mean centres of the areas used over 12-month periods by 97 km and 68 km, respectively (Fig. 3) . The 95% kernel areas used over the three periods of 12 months were 3505, 1869 and 4188 km 2 . Locations for the first and second 12-month periods did not overlap. However, locations for the third period overlapped those for the first and second periods by about 30% and 10%, respectively. The overall mean movement rate was 3.2 km day -1 (Table 1 ). The plot of distance from capture/release point against months elapsed since capture/release showed evidence of leveling off. The regression of distance on time based on the closing 25 months of tracking data was significant (F 1,22 = 9.7, P < 0.01) with a slope of -1.51. The same pattern was evident using the arithmetic mean centre for June 1993 (where the camel first arrived in the north-west part of its distribution; X in Fig. 3) as the capture/release point.
The size of the area used by feral camels was inversely proportional to long-term rainfall (Fig. 4) , both Pearson and Spearman correlations being significant for the relationship based on 95% kernel area (Pearson r = -0.99, P < 0.01; Spearman r = -0.97, P < 0.02). The trend for movement rates to increase with increasing aridity (Table 1) was not significant (Pearson r = -0.80, P = 0.06; Spearman r = -0.79, 0.2 < P < 0.1). The movement rates of Camels 1 and 2 did not vary between seasons. Summer movement rates were higher than both autumn and winter movement rates for Camel 3 (F 3,94 = 4.95, P < 0.05) but winter rates were higher than summer for Camel 6 (F 3,230 = 3.73, P < 0.05).
Discussion
This study and that of Grigg et al. (1995) have shown that feral camels are extremely mobile and capable of using very large areas. However, we found that the size of the areas used Table 1. by female camels varied considerably across bioregions. While vast areas were used in the Simpson Desert, areas used in northern Australia were an order of magnitude smaller. We found a strong negative correlation between long-term mean annual rainfall and the size of the area used by female camels. The underlying reason of this pattern is likely to be habitat productivity, which is directly linked to rainfall in desert regions (Noy-Meir 1973) : as aridity increases, feral camels must move over larger areas to obtain sufficient forage to satisfy their nutritional and energy requirements. Camels also need to access sources of water (Dorges and Heucke 1995b) , which are likely to be more widely dispersed in more arid areas. An increase in the size of the area used with declining food supply has been reported in other species, including red kangaroos (Macropus rufus) (Priddel et al. 1988; Croft 1988; Norbury et al. 1994 ) and feral cats (Felis catus) (Edwards et al. 2001) .
It is clear that data collected over several years are needed to classify movements in feral camels (Grigg et al. 1995) . Movements within a home range can appear nomadic if animals are not tracked for long enough to detect the leveling off of distance from capture/release point with time. This may have been the case for Camels 2 and 5 (this study) and Camel C4961 of Grigg et al. (1995) , which were tracked for 16, 10 and 10 months, respectively. It is also difficult to distinguish migratory behaviour from movements within a home range over short periods. The movements of Camels 1, 3 and 4 (this study) and Camel C4960 of Grigg et al. (1995) (tracked for 12, 14, 6 and 15 months, respectively) could fall into either category. Only one telemetered camel has been monitored for longer than two years (Camel 6, this study). This camel moved within a large, yet restricted, area over the concluding 3.5 years that she was tracked. Over this period, the distance of the camel from point X in Fig. 3 leveled off, signifying movements within a large 'home range' (following Caughley's (1977) general definition of movements within a home range). Although the camel used predominantly different areas within this large 'home range' over successive 12-month periods, there was some overlap. This pattern does not fit within traditional definitions of home range (e.g. Burt 1943; Jewell 1966 ) but, as Norbury et al. (1994) point out, traditional definitions may obscure rather than clarify the ecology of highly mobile species inhabiting spatially and temporally variable environments like the Australian arid zone. The 125-km movement of Camel 6 one month after it was captured may represent directional dispersal. There is evidence of long-term site fidelity in two other feral camels marked on properties on the western edge of the Simpson Desert (Dorges and Heucke 1995b) : one camel was shot in the same immediate area that it was marked 20 months earlier, and the second was found 75 km from its release point 27 months later.
The movement rates reported here are crude and conservative because they assume linear movements between successive locations. Nevertheless, they were similar to those recorded by Grigg et al. (1995) . However, while Grigg et al. (1995) found that the movement rates of their two camels were significantly lower over summer, we found no consistent pattern of variation in movement rates of camels across seasons. The reason for this difference is unclear but may be due to variation between individual camels or habitats within the areas used.
Managing a species like the feral camel in remote areas of Australia presents many challenges. Information on the size of the areas used, together with movement rates, can provide a foundation for the design of management programs for the species. Irrespective of whether the movements of camels are generally restricted to a home range, the areas used are large. Consequently, extensive buffer zones will be needed in arid regions to protect environmentally sensitive areas from camel impacts if these threaten biodiversity values in those areas. Because of their gregarious nature, the 'Judas' animal technique (Parkes et al. 1996) , which uses radio-collared individuals, should prove a useful tool in locating herds of feral camels targeted for control or for the purpose of commercial utilisation. Satellite telemetry would be a costeffective way to implement the 'Judas' animal technique, particularly in the more arid regions where camels move over very large areas.
